As well as the classic bean-shaped structures observed in electron micrographs, mitochondria are frequently found as long, snake-shaped tubules, and extended reticular networks whose overall morphology depends on the balance of fission and fusion of mitochondrial tubules in growing cells. [1] [2] [3] [4] Such mitochondrial morphology, size, distribution, and copy number were demonstrated to change in living cells during cellular differentiation, development, or under pathological conditions, including liver disease, muscle dystrophy, cardiomyopathy, and cancer. [5] [6] [7] In differentiated cells, mitochondria are often localized to specific cytoplasmic regions rather than randomly distributed. 8) Additionally, mitochondrial morphology and distribution changed by the metabolic state of the cell or during cell growth. [9] [10] [11] [12] Although the role of mitochondria in metabolism, ATP production, and apoptosis is more widely recognized, alterations in mitochondrial morphology and abundance are also important for cellular functions. In fact, the distribution of mitochondria in dendrites of living hippocampal neurons, which are regulated by mitochondrial fission/fusion, has been shown to be an essential and limiting factor for synapse density and plasticity. 13) Detail, however, on the mitochondrial behaviour during cellular differentiation and cell cycle progression in higher eukaryotes has little been revealed.
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It was shown that at S-phase, there is a substantial increase in the amount of phosphorylated histone H1 and that the phosphorylated histone H1 is diffusely distributed throughout the cell nucleus. 14) On the other hand, at the end of Sphase, phosphorylation of histone H3 begins immediately following the replication of the centromeric heterochromatin. 15) This phosphorylation is diffusely distributed throughout the nucleus, but, initiating at the centromers, spreads throughout the genome as the cells progress to prophase. Thus, when used in combination, staining with antibodies to phosphorylated histone H1 and H3 can be used to clearly and easily resolve mixed cell populations into each of the major stages of the cell cycle (UPSTATE, 2002 Catalog, Technical Appendix pp. 365).
In the present study, we investigated mitochondrial dynamics during the cell cycle progression using synchronized HeLa cells in which the cells were transfected with mitoDsRed1 to visualize mitochondria in the cells and the major stages of the cell cycle of the observed cells were resolved by staining the cells with phosphorylated histone H1 and H3 antibodies. We found that mitochondria exist as filamentous network structures throughout the cell cycle progression, changing their morphology, distribution, and abundance.
MATERIALS AND METHODS

Double-Thymidine Block and Cell Cycle Analysis
HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM; GIBCO Invitrogen Corp., Carlsbad, CA, U.S.A.) plus 10% fetal calf serum at 37°C under an atmosphere of 5% CO 2 . Cells were synchronized for the G1/S boundary by a double-thymidine block procedure.
16) The first thymidine block was performed by incubating the cells for 14 h in the medium containing 2.5 mM thymidine. After incubation, the thymidine was washed away two times with phosphate buffered-saline (PBS) and the cells were released from the first block by incubation in fresh medium without thymidine for 9 h. The thymidine treatment and wash in PBS were repeated once; 0, 3, 6, 9, 12, 15 h after release from the second thymidine block, the cultures growing in DMEM were washed with PBS, detached by trypsinization, and collected by centrifugation. The cells were stained with propidium iodide (Sigma; St. Louis, MO, U.S.A.) for cell cycle analysis and MitoTracker Green FM TM (Molecular Probes; Eugene, OR, U.S.A.) for mitochondrial mass analysis, and analyzed with a Coulter EPICS XL-MCL flow cytometer (BECKMAN Coulter Corp., Hialeah, FL, U.S.A.).
Immunofluorescence Microscopy HeLa cells were cultured in 50-mm poly-d-lysine coated glass bottom dishes (Mat Tek Corp. Ashland, MA, U.S.A.) with 3 ml DMEM. To visualize mitochondrial morphology, distribution, and abundance in the cells during cell cycle progression, cells were tranfected with mitochondria-targeted DsRed1 (mitoDsRed1) (Clontech, Palo Alto, CA, U.S.A.) with FuGENE 6 tranfection reagent (Roche, Mannheim, Germany) after PBS washing, followed by the first thymidine block as described Mitochondria are highly dynamic organelles in eukaryotic cells. Although the role of mitochondria in metabolism, ATP production and apoptosis is more widely recognized, alterations in mitochondrial morphology and abundance are also important for cellular functions. Here we investigated mitochondrial dynamics in synchronized HeLa cells in which the major stages of the cell cycle of the observed cells were resolved by staining phosphorylate histones H1 and H3, and showed that mitochondria exist as filamentous network structures throughout the cell cycle progression, changing their morphology, distribution, and abundance. The current results suggest that mitochondrial condensation occurred at prophase is required for the proper progression of mitochondrial division.
Dynamics of Mitochondria during the Cell Cycle
above. Then, the cells were released from the first thymidine block, and the second thymidine block was performed as described above. The cells were fixed with 3.7% paraformaldehyde for 10 min at RT, washed twice with PBS, incubated for 10 min in cold methanol on ice, and then washed twice with PBS. Fluorescent images were analysed using a confocal laser-scanning microscope (LSM 5 PASCAL, Carl Zeiss Jena, Jena, Germany).
Analysis of the Major Stages of the Cell Cycle To resolve the major stages of the cell cycle of the observed cells, cells were stained with phosphorylated histone H1 and H3 antibodies (UPSTATE, Lake Placid, NY, U.S.A.). After incubation of the cells for 0, 1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12 h, the cells were washed twice with PBS and fixed as described above. The cells were incubated in 2% bovine serum albumin (BSA) with gentle agitation overnight at 4°C. The cells were washed five times for 5 min each with PBS, washed once with 2% BSA, and then incubated with phosphorylated histone H1 (diluted 1 : 500 in PBS) and H3 (phosphorylated at Ser10) (diluted 1 : 100 in PBS) antibodies for 60 min at room temperature. The cells were washed five times for 5 min each with PBS and then washed once with 2% BSA. The cells were incubated with FITC-labeled secondary antibody (diluted 1 : 200 in PBS) (ZYMED, San Francisco, CA, U.S.A.) for 30 min at room temperature. The cells were washed five times with PBS and subjected to immunohistochemical analysis. Images were obtained and analyzed by a confocal laser-scanning microscopy.
Subcellular localization of Phosphorylated Histone H3 Subcellular localization of phosphorylated histone H3 was determined as follows. The synchronized HeLa cells incubated for 7 to 11 h were subjected to immunohistochemical analysis for phosphorylated histone H3 at Ser10 (diluted 1 : 100 in PBS) as described above.
RESULTS AND DISCUSSION
To resolve mitochondrial dynamics during the cell cycle progression, we first determined the profile of mitochondrial mass during the cell cycle progression. HeLa cells were synchronized at the G1/S phase by a double-thymidine block and then the mitochondrial mass was determined by staining mitochondria with MitoTracker Green FM which is relatively insensitive to mitochondrial membrane potential. 17) Figure 1 shows that HeLa cells were synchronized at the G1/S phase and mitochondrial proliferation and inheritance into daughter cells progress synchronously with the cell cycle progression. Increase in mitochondrial mass (number) has already been observed at G1/S phase relative to early G1 phase and their number clearly increased during cell cycle progression. At S phase, mitochondrial mass assessed by the intensity of MitoTracker Green FM increased by about 80%, and was approximately doubled at metaphase.
As shown in Fig. 2 , mitochondria at the G1/S phase were distributed around the perinuclear region as well as in the cytoplasm (red staining). Mitochondria were observed as thin and long filamentous structures, and cytoplasmic mitochondria seemed to radiate from the perinuclear region to the cell periphery, associating with the cytoskeleton, 2) but not randomly. At the late G2 phase, mitochondria were observed as thick tubular structures relative to G1/S phase mitochondria. A substantial increase in the amount of diffusely distributed phosphorylated histones (green staining) was also found. At prophase, a number of mitochondria localized thickly around the perinuclear region, and mitochondria were observed as condensed filamentous structures. Chromosome condensation, which is required for the correct progression of sister chromatid segregation, was also clearly observed at prophase. Interestingly, during metaphase, when the nuclear envelope disappeared and all chromosomes achieved an alignment at the equatorial plane, mitochondrial distribution into opposite poles had already been observed. From anaphase to telophase, mitochondria, many assuming long and condensed filamentous form, moved to opposite poles synchronously with sister chromatid segregation. At cytokinesis, mitochondria were divided into daughter cells. A number of mitochondria were again distributed around the perinuclear region at the early G1 phase with long filamentous network structures.
The present results show that mitochondria exist as filamentous mitochondrial networks throughout the cell cycle. In addition, mitochondrial localization and morphology were dramatically changed from prophase in which mitochondria localized thickly around the perinuclear region with condensed filamentous structures. The results suggest that by forming filamentous mitochondrial networks around the perinuclear region, mitochondria as intracellular power-transmitting cable might be capable of more rapidly supplying ATP to the nuclei probably due to the energy requirement in the nuclei from prophase to cytokinesis. Furthermore, we demonstrated that the inheritance of mitochondria into daughter cells progresses synchronously with sister chromatid segregation, where mitochondrial condensation occurred prior to mitochondrial division from the late G2 phase to prophase and mitochondria were divided into daughter cells from anaphase to telophase. Like chromatin condensation prior to sister chromatid segregation, mitochondrial condensation might be required for the proper progression of mitochondrial division. Recently, many key molecular mediators controlling mitochondrial biogenesis were identified. 2) For example, the peroxiome proliferator-activated receptor g coactivator-1a (PGC-1a), the fuzzy onions ( fzo) family of transmembrane GTPase and the dynamine-related GTPase Dnm1 were shown to control mitochondrial proliferation, mitochondrial fusion and mitochondrial morphology, respectively.
2) However, future studies should be directed to uncover when, where and how these molecules function on the mitochondrial biogenesis during the cell cycle.
The present results strongly suggest that protein factors modulating mitochondrial morphology, size, distribution, and HeLa cells transfected with mito-DsRed1 were synchronized at the G1/S phase by a double-thymidine block and were subjected to analysis of dynamics of mitochondria (red staining) at intervals of 1.5 h from 0 through 12 h. The major stages of the cell cycle of the observed cells were resolved by staining the cells with phosphorylated histone H1 and H3 antibodies (green staining). The images in the left corner of each panel (denoted by the white box) represent magnified images of the respective panels (denoted by dotted line). Arrows in e and f indicate phosphorylated histones restrictively localized at the division plane. Phase-contrast microscopic images indicated that daughter cells were still not completely divided at stage f (data not shown). Data shown are representative of 3 independent experiments that gave similar results. Scale bars, 10 mm. copy number play a role not only in mitochondrial functions related to metabolism, but also in cellular functions including cellular differentiation and cell cycle progression. Recently, Sugioka et al. reported that Fzo1, a protein involved in mitochondrial fusion, inhibits apoptosis. 18) They showed that the silencing of Fzo1 results in the fragmentation of mitochondria and in an enhancement of the sensitivity of cells to apoptotic stimulation by etoposide. These results support that a shift in the rate of mitochondrial fission or fusion may provide a new insight for the mitochondrial dysfunction, and modulates cellular functions such as the sensitivity of the cells to apoptotic stimulation.
Interestingly, we found that phosphorylated histones restrictively localized at the division plane with distinctive ring structures like mitotic kinesin-like motor protein from cytokinesis to the early G1 phase (Figs. 2g, h, green staining) . [19] [20] [21] Phosphorylated histones localized at the division plane were confirmed as phosphorylated histone H3 (PSer10) (data not shown); distribution of P-Ser10 to the division plane had already been observed at anaphase (Fig. 2e) . Mitotic phosphorylation of histone H3 at Ser10 is a known requirement for proper sister chromatid segregation into daughter cells, but the present results strongly suggest that PSer10 also plays an important role in cell division. Analysis of the biological significance of P-Ser10 in cytokinesis remains an area for future studies.
